Traditionally, safety and impact of failure concerns of lithium ion batteries have dealt with the field failure of single cells. However, large and complex battery systems require the consideration of how a single cell failure will impact the system as a whole. Initial failure that leads to the thermal runaway of other cells within the system creates a much more serious condition than the failure of a single cell. This work examines the behavior of small modules of cylindrical and stacked pouch cells after thermal runaway is induced in a single cell. Cylindrical cells are observed to be less prone to propagate owing to the limited contact between neighboring cells. The electrical connectivity is found to be impactful as the 10S1P cylindrical cell module did not show failure propagation through the module, while the 1S10P module had an energetic thermal runaway consuming the module minutes after the initiation failure trigger. Modules built using pouch cells conversely showed the impact of strong heat transfer between cells. In this case, a large surface area of the cells was in direct contact with its neighbors, allowing failure to propagate through the entire battery within 60-80 seconds for all configurations (parallel or series) tested.
Introduction
Studies on the safety of lithium ion batteries (LIB) have long focused on the impact and aftermath of the field failure of a single cell. This has been driven by the fact that LIB have traditionally been used for small devices where 1) failure of a single cell would have little impact beyond the device and its user, and 2) the battery is unlikely to see a truly abusive condition under normal use. As LIB are considered for larger systems, including vehicle electrification and electric grid applications such as energy storage and smart grid applications, the impact of the failure of single cells and small groups of cells must be reexamined. Recent incidents have seen thermal events that have eventually consumed entire battery systems, stemming from myriad initial causes including mechanical intrusion [1] , overheating [2] and overvoltage/overcharging. [3] Not only are the causes of failure becoming more diverse, but the impact of these failures is increasing as well. However, few systemic studies have been performed to determine how a localized thermal runaway event may impact a battery system as a whole, regardless of the initial mode of failure.
The thermal runaway behavior of single lithium ion cells is well studied. [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] Typical responses include venting of battery gasses, ejection of cell contents, extreme temperatures and in some cases self-ignition of the cell or ejected battery materials. What is less well known is how these behaviors may impact a larger, more complex system. The failure of a single cell taken on its own may have little impact on the safety or performance of an electric vehicle system; however, the thermal and electrical impact on other cells in the system may be sufficient to cause a cascading runaway effect. In this scenario, the energetic thermal runaway of a single cell provides enough heat to neighboring cells within the battery to initiate thermal runaway in the neighbors. These cells then provide enough heat to chain the failure to their neighbors, continuing until the entire battery pack has been consumed. This worst-case scenario would result in a catastrophic release of energy within the confines of an electric vehicle causing significant damage and presenting a potentially dangerous situation for the operator. This possibility of propagation through a pack was modeled by Spotnitz et al. [16] . This work proposed that the likelihood of full battery pack failure was influenced by several factors, including the abuse response of the individual cells and the overall insulation of the pack. Particularly important, though, is the thermal contact to other cells, and they predicted that cells directly neighboring multiple other cells were more likely to cause a propagation through a battery pack.
The electrical configuration of cells may impact how failure propagates as well. Offer et al. [17] showed that even under normal conditions varying resistances of connections between cells within a battery module may impact the local temperature of a cell. It is common practice as well to use blocking and discharge diodes within large parallel battery packs to prevent self-discharge of the battery through a shorted cell. [18] However, the thermal separation between cells is often limited. Prismatic and pouch cells are often packed together either face to face or separated by thin plates used for active cooling.
[19] Even if they are thermally separated the electrical connections themselves have been shown to provide a path for heat transfer between cells. [13] Recent work exploring behavior of battery systems has largely been focused on long-term performance issues; [17, [19] [20] [21] [22] [23] [24] however some information on failure propagation may be inferred.
Much of the current handling of cell faults in battery packs involves the diagnosis and electrical handling of faulty cells within a system. Various methods exist for the detection of faulty cells, [21] and Kim et al.
[20] described a method for electrically isolating faulty cells from the battery pack. The science of fault detection is still in its infancy, and the most reliable indicators of battery health are still voltage and temperature monitoring of cells. Unfortunately, when considering battery safety, changes in cell voltage or temperature are only symptoms of a different issue and are not indicators of a root cause. These indicators often lag a root cause, and by the time a significant temperature increase or voltage change is observed the cell is undergoing a thermal runaway event that is too late to arrest.
The work presented here examines the failure propagation behavior of small battery modules constructed with cylindrical 18650 cells and stacked pouch cells. The impact of electrical configuration (series vs. parallel) is evaluated as well. This will examine both the propensity of different constructions to have a propagating thermal runaway and the behavior of the propagation once it occurs. This provides a method for better understanding the potential impacts of a single cell failure on a larger battery system, as well as provides new data to inform the design of batteries.
Experimental Methods
Thermal runaway was initiated using a mechanical nail penetration. Previous work found that nail penetration parallel to the axis of cylindrical cells could be reliably used to create a hard internal short and thermal runaway for a given cell type. [25] Similarly, the same work observed that thermal runaway could be induced using nail penetration into the side of a stacked pouch cell. This provides a method for inducing thermal runaway within a single cell of a multi-cell battery module without adding any additional thermal or electrical energy to the cell. Stacked pouch cell modules were constructed as 5 cell batteries using AA Portable Power Corp.
model 7035130-10C 3,000 mAh cells. The modules were constructed in fully series (5S1P) and fully parallel (1S5P) configurations, with electrical connections made using 0.005 x 0.200" nickel ribbon. The cells were fixed together in a close packed, stacked orientation with the largest part of the cell face directly in contact with its neighbors. Thermocouples were placed between each cell as well as on the outer faces of the module, and the module held together using 0.5" phenolic board as constraints. A schematic of cell layout and thermocouple placement can be seen in Figure 2 .
The propagation test on the stacked pouch modules was performed by creating a hard short circuit condition within one cell using a sharp nail penetration. The nail was inserted into the target cell at 2 cm/second up to 20 mm. The central cell (Cell 3) and an edge cell (Cell 1) were failed in separate tests. The propagation of cell failure was monitored using temperature measurements, as well as cell voltage measurement of series modules. Table 1 details the configurations of the modules tested. The response of these cells to mechanical nail penetration and blunt rod indentation have been determined previously and are reported in reference [25] . It was observed in the previous work that nail penetration could be used to produce a repeatable thermal runaway event in the cells tested. Due to the difficulty and costs of performing destructive testing, the total number of tests performed is somewhat limited. While repeat tests of the data observed here were conducted, a deep statistical analysis featuring a large number of tests may yield different results. Figure 3 shows the temperature response of the 10S1P propagation test initiated at Cell 6. Cell 6 goes into thermal runaway and self-ignites with a peak temperature of 360 °C (initiated at 265 seconds in Figure 3 ). The sustained fire causes an initial temperature rise in all of the thermocouples on the cells with the exception of Cell 10 which has a thermocouple that is sufficiently well separated from the fire.
Results and discussion
Approximately 15 seconds after the initiation, an electrolyte fire ignites from electrolyte that had leaked from Cell 6 which caused a more sustained temperature increase in the Cell 2, 3 and 9 thermocouples but no evidence of thermal runaway in those cells. Several cells audibly vent during this test, but there is no evidence of thermal runaway in any cell other than Cell 6.
The module and cell voltage responses of the 10S1P battery to the propagation test are shown in Figure 4 . After the penetration of Cell 6, the voltages of Cells 1, 2, 3, 5 and 7 also drop but recover during the test with the exception of Cell 1. The Cell 8 voltage is also very noisy after the initial Cell 6
failure, but settles out over time. The noise in voltage channels could be attributed to heating from the initial fire that ignited after the Cell 6 failure. It is interesting to note that Cell 1 voltage is most affected by the Cell 6 failure and not an adjacent cell (5 or 7), but there is no evidence of thermal runaway of Cell 1. Figure 5 shows a picture of the battery completely intact post-test. Thermal runaway failure initiated at Cell 6 clearly impacts the measured voltage of Cell 1, but no thermal runaway propagation to other cells is observed.
Ultimately, while the initial runaway of Cell 6 generates a significant amount of heat, the thermal conductivity between neighboring cells is relatively low. Firstly, even in a closely packed geometry such as that used here, there is a significant air gap between the cylindrical cells. Further, any
shorting that occurs within the battery in a fully series configuration will not impact the general operability of the other cells; the battery module could conceivably still be operated albeit at a lower voltage to account for the missing cell. [17] showed that cells nearest the load point can discharge at a greater rate due reduced resistance between the cells and the load point, leading to increased heating of cells near the load point. The elevated temperatures created by the initial runaway also brought the module to a point where the runaway of any additional cell was likely to provide enough heat to send the remainder of the module into thermal runaway.
1S10P

Propagation Testing 5S1P and 1S5P Pouch Cell Batteries
5S1P
The propagation test of the 5S1P pouch cell battery is initiated by a nail penetration at the edge of Cell 3 (center cell). Thermocouples are placed between cells (labeled C1-2 for the thermocouple between Cells 1 and 2) and on the outside of the ends of the battery (Cells 1 and 5). Figure 9 shows the cell skin temperature and battery voltage as a function of time during the propagation test. Figure 10 shows With heat transfer through the surface area of the cells dominating the propagation process, initiation at the center of the battery is likely to be the most severe test condition. Failure propagation through the 5S1P pouch cell battery is also evaluated with initiation at the end of the battery (at Cell 1)
which is expected to be a less severe condition. Figure 12 shows the cell skin temperature and battery voltage of the 5S1P propagation test initiated at Cell 1. Figure 13 shows the battery and individual cell voltages for this test. Nail penetration of Cell 1 results in a short circuit, loss of cell voltage and thermal runaway of Cell 1 where the skin temperature is measured to be > 200 °C on the outside of the cell (C-1) and > 600 °C at the inside face of the cell (C1-2). Just as observed for the Cell 3 initiation experiment, failure propagates through the entire 5-cell battery when failure is initiated at Cell 1, resulting in full thermal runaway of the battery. The total propagation time is approximately 80 seconds, which is longer than observed for the propagation event when initiated at Cell 3. Since propagation takes place serially from one end of the battery to the other, it is rational to expect the duration of the propagation event to be longer than if initiation is triggered in the center of the battery. Even for initiation at the end of the battery, the heat transfer through the contact surface area between cells is still sufficiently high to cause the failure to propagate completely through the 5S1P battery. Figure 14 shows the remains of the battery after the 5S1P test initiated at Cell 1.
The 5S1P module with initial failure at Cell 1 provides an opportunity to examine how temperature propagates through the module, as the propagation of failure occurs entirely in one direction and is not impacted by cells discharging through the created short circuit. The cell average temperatures are determined as the simple average of the temperatures measured at each cell face and are profiled in Figure 15 . This shows the rough temperature distribution through the module first as a result of the initial failure, then as the failure propagates through the cell. Cell 1 can be seen increasing to 285 °C in the first 10 seconds, elevating Cell 2 with it. At 20 seconds Cell 1 reaches its peak temperature of 403 °C, while Cell 2 reaches a high enough temperature to likely begin self-heating. At this point as well temperature rise is observed in Cell 3. By 30 seconds, full runaway is apparent in Cell 2
as it has exceeded the temperature of the initial cell runaway, peaking by 40 seconds after the initial failure. Cell 3 has heated significantly by this point, and by 50 seconds in shows signs of runaway itself, also beginning to elevate the temperature of cell 4 significantly. After 60 seconds Cell 3 has reached its peak temperature of 630 °C and Cell 4 is over 300 °C as well. Cell 4 continues to heat reaching a peak of ~640 °C after 80 seconds, at which point Cell 5 has reached 340 °C. By 100 seconds Cell 5 begins to cool, signaling the end of thermal runaway. These profiles make apparent that when thermal conductivity between cells is sufficiently strong a propagating thermal runaway can travel through a module through the generated heat alone. Another observation of note is that the maximum temperature reached by each cell increased as the runway progressed through the battery (except for Cell 5, which was bounded by the inert constraint). This demonstrates how involving more and more cells in a propagating failure will increase not only the total energy involved in the event, but can also increase the acute severity as the cells reach temperatures as part of the propagating failure that they would not under an individual runaway event.
1S5P
Pouch cell battery failure propagation is also evaluated for batteries in the 1S5P configuration, where failure is initiated by a nail penetration at the center of the battery (Cell 3). Figure 16 shows the cell skin temperatures and battery voltage for the 1S5P propagation test. As observed in the 5S1P experiments, failure propagates completely through the 1S5P batteries. Again, the thermal contact over the large surface area between the cells dominates the propagation mechanism as opposed to electrical connectivity. The data from the 10S1P and 1S10P 18650 modules suggest that the parallel configuration would have a much more aggressive propagating failure. However, the propagation times through both batteries are comparable (approximately 50-60 seconds).
The primary difference observed between the 18650 and stacked pouch modules is that in this case the cells have a large area in direct contact with neighboring cells. Here, the thermal conductivity between neighboring cells is so strong that it overwhelms any impact the differing electrical connection may have. This indicates that poor insulation between cells would negate any safety features a battery may have to eliminate failure propagation, particularly for small, tightly packed modules.
Conclusions
This work examines the failure propagation behavior on differing cell types and electrical configuration. Cylindrical cells, even in a close pack configuration, have limited thermal contact between neighboring cells with significant air gaps present that limits the heat transfer between cells during thermal runaway. In this case, the impact of the electrical connections becomes more pronounced.
Here, a parallel configuration leads to stronger propagation through the cylindrical cell module due both to heat transfer along the electrical connections as well as electrical shorting of the module through the initiated cell. It is important to note that in conventional battery system design, one strategy to mitigate the issue of cell shorting is through the use of blocking and discharge diodes to prevent unwanted current flow. However, the increased heat transfer the through the parallel configuration would not be mitigated through the use of blocking diodes.
The testing of stacked pouch cells demonstrates the impact when the heat transfer between neighboring cells is strong. This shows that with strong heat transfer between modules the impact of cell heating dwarfs any impact the electrical configuration may have, as thermal runaway propagates through the module at the same pace regardless of the electrical configuration. Initiation of runaway on the edge cell also gives a glimpse of how a propagating thermal runaway can compound the intensity of the runaway as it progresses through the module, as peak cell temperatures observed increase with each interior cell that goes into thermal runaway. The stacked pouch module data shows the limitations of mitigations built into the electrical system, as safeguards to block short circuit currents would have little impact in this case. This shows the need for engineering strategies to prevent the thermal interactions of cells during a runaway event, as well as electrical interactions, to prevent a catastrophic failure of a battery.
Future work in this area will continue to evaluate failure propagation using other experimental initiation triggers, studying different cell types, sizes, and chemistries, evaluating more sophisticated battery designs (with passive and active controls), and to simulate the propagation events for selected battery types and configurations through models. 
